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INTRODUCTION
In semi arid and sub-humid regions of India tanks (small reservoirs) are constructed to store direct rainfall and runoff from their catchment areas. The stored water and/or water recharged to aquifers due to storage of water in tanks is used for supplementary or protective irrigation during dry spells of the monsoon season and for full irrigation during the post monsoon season. In India, these tanks are constructed as part of a watershed development program. Tanks range in storage volume from a few hundred to a few thousand cubic meters. The distance between tanks varies from a few hundred to a few thousand meters. Though these tanks are constructed as part of a watershed development program, the number of tanks, their capacities and spacing are driven by rules of thumb and targets assigned to the developmental agencies. Employment generation through manual earth moving works is often a social purpose behind construction of these tanks. The hydrology of the watershed, the demand for water and the water balance among supply and demand parameters are not considered while deciding the capacity of tanks and their number. Therefore in spite of constructing thousands of tanks, relatively little irrigation potential has been created.
In each watershed there can be one or a series of tanks of varying sizes depending on the rainfall, watershed characteristics and cropping pattern in the watershed.
Therefore a whole spectrum of factors affecting the supply and demand of water in the watershed needs to be considered while deciding the capacity, number and locations of tanks. This includes the runoff producing characteristics of the catchment, tank characteristics, command area characteristics including land use, micro-level activities and water resources. In addition, to protect riparian rights and the environment and to consider equitable distribution of water, it is important to release a proportion of the water to flow downstream of the tanks. The existing literature (Palmer et al, 1982; Helweg and Sharma, 1983; Varma and Sharma, 1990; Srivastava, 1996, and Panigrahi and Panda, 2003) is concerned with the design of individual tank size and shape for storing and utilizing the maximum harvested
water.
An integrated approach for the design of tanks in a watershed has been developed to consider all the aspects that influence supply and demand of water in the watershed.
This approach designs the 'optimal system of tanks' that makes maximum volume of water available for utilization in a watershed and a specified proportion of water available for downstream water requirement, instead of designing an 'individual tank'. The paper presents the methodology devised for this approach and a simulation model -Simulation Optimization For TANKs (SOFTANK) -based on the developed methodology.
WATERSHED BASED TANK SYSTEM
The watershed based tank system consists of a series of tanks of different sizes, types (defined later) and shapes to capture, store and recharge water, to release a specified proportion of water downstream of a system and to utilize stored and recharged water for irrigation. The optimization of a watershed based tank system proposed in this paper is based on the concepts of integrated water storage system (IWSS) in a watershed, downstream release as explained in this section and 'tank strategy' as explained in the next section.
Water is stored for the utilization of crop production in three storage elements viz.
soil, surface tanks and aquifer. These storage elements are interdependent in terms of storage/recharge and utilization, and are considered in this study as an integrated water storage system. This IWSS concept is shown schematically in Fig. 1 and described below. 1. Soil: In situ rainwater harvesting (RWH) practices like trenches to harvest rainfall are also constructed in a watershed along with tanks. These in situ practices harvest a considerable volume of water, and thus reduce the flow to the tanks and increase soil water storage and groundwater recharge (Chittaranjan et al., 1997 and MPKV, 2002) . These RWH practices reduce the capacity requirements of the tanks.
This aspect has been considered in the methodology for designing tanks.
2. Surface tanks: Surface tanks store the runoff water for irrigation and recharge to groundwater. Water release from tanks for irrigation and seepage to groundwater create space in the reservoir to accommodate more runoff water. Reduced water levels in the tanks reduce the recharge volumes and the potential for irrigation.
Irrigation to the fields increases soil moisture which ultimately enhances the runoff potential from these soils. When water is available in the tanks, less groundwater is utilized for irrigation demands.
3. Aquifer: Water stored in the tanks recharges the aquifers. The water levels in the tanks change due to irrigation, evaporation and inflow. These changes in the water levels in the tanks affect the recharge volume. The storage capacity of the underlying aquifer controls the recharge volume. Water from the aquifer is utilized for irrigation in the watershed which reduces the release of water for irrigation from the tanks and thus makes more water available for recharge. Irrigation practices also influence the aquifer storage. For example excess irrigation to fields results in deep percolation losses that eventually reach the groundwater.
Thus these three storage elements are interlinked and changes in one storage element affect the water balance of the other two storage elements.
Upstream-downstream conflict
At present tanks are designed to harvest almost all possible rainfall and runoff in the watershed and hence the downstream release of water is not considered. This gives rise to conflicts between upstream and downstream users of water (Sakthivadivel and Scott, 2005 and Sikka and Paul, 2005) . Depending on the local structures and riparian rights of water, the IWSS should receive a specified amount of water from upstream and release a specified amount downstream and the surface tank system needs to be designed accordingly. Upstream receipt and downstream release (DSR) criteria are proposed in the developed methodology. These criteria facilitate design of the tank system for a specified proportion of downstream release.
Tank type
Water from the tank may be used for irrigation to an area downstream of the tank or may be lifted for irrigation to the upstream catchment area or may be a combination of both these cases. In the proposed methodology the tanks have been distinguished based on the utilization pattern of water as stated above by introducing the concept of 'tank type'. Based on the location of its command area, a tank could be any of the following types.
Tank type 1: These are tanks with the command area downstream of the tank. In this case the command area is normally less than the catchment area and the catchment command ratio (CCR) is thus usually greater than one.
Tank type 2:
These are tanks with the command area upstream of the tank (it should be noted that this is also the catchment area of the tank). In this case, part or all of the catchment will serve as the command area and hence the CCR is greater than or equal to one.
Tank type 3:
These are the tanks with command area both upstream and downstream of the tank. In this case the downstream command and upstream catchment both serve as command area and hence the CCR is less than one.
METHODOLOGY OF TANK SYSTEM DESIGN
The developed methodology for optimum design of a tank system consists of following four steps.
• Field assignment to stream points
• Generation of tank strategies
• Catchment and command field assignment to tanks
• Water balance (tank, field and aquifer)
The methodology of tank system design starts from the identification of 'stream points' i.e. possible tank locations on the main stream(s) in the watershed. Stream points are identified by visually inspecting the drainage line and interacting with the stake holders. These points are selected on the basis that they provide good storage for less excavation and consider the interests of the stake holders in the watershed.
The approach is to select as many stream points as possible and carry out the simulation. The stream points that are optimum on the basis of cost-benefits, utilization of water for irrigation and downstream release will only be selected in the process of optimization. Different fields in the watershed are assigned to these stream points. Tank strategies (described below) are then generated for the identified stream points. Fields are then assigned to the catchment and command areas of the tanks of a tank strategy. Simulation of field, tank and groundwater balance is then carried out on a daily basis for all the tank strategies, from which the optimum tank system is designed. It is thus a four step methodology as described below and shown 
Generation of tank strategies
In this methodology the concept of 'tank strategy' is proposed. The tank strategy Thus the field assignment to catchment or command area of a tank is a dynamic procedure and changes with tank strategy. Hence a procedure has been developed that assigns a particular field to a tank's catchment and (or) command depending on the relative elevation of the outlet of the field and tank.
Water Balance
The output of a particular tank strategy is obtained in terms of the net benefits for a specified proportion of downstream release within the available water resources in the watershed. The net benefits are obtained by simulating three important water balances i.e. field water balance, tank water balance and groundwater balance. If trenches are present in the catchments of the tank, trench water balance is also simulated.
Criterion for selection of a tank strategy
A tank strategy and design that provide maximum net benefits and satisfy the specified DSR are selected as narrated below.
A downstream release (DSR) is defined in this research as the annual volume of water that passes the watershed outlet as per cent of annual volume of runoff generated in the watershed. For example, a DSR of 30% means tanks will harvest 70% of the runoff generated in the watershed and the remaining 30% will be released downstream out of the watershed. The tank system is designed for this pre specified DSR. Field, tank and groundwater balances are simulated simultaneously on a daily basis for this purpose. Initial tank capacities are determined with the design runoff depth (DRD). Design runoff depth is an empirical value of minimum runoff depth for the entire watershed that is assumed at the beginning of the simulation to facilitate the computation of tank capacity. DRD multiplied by the catchment area of the tank gives the volume of runoff for which tank dimensions are optimized. At the end of the simulation, the output DSR is obtained. The output DSR is the function of tank size, water use and climate. Hence the output DSR may or may not match the input DSR. Therefore the difference between the DSRs is checked for an acceptable range i.e. output DSR = input DSR ± allowable deviation (e.g. 30% ± 10%). If the output DSR is not within the allowable limit, the tank capacity is increased (or decreased) and the simulation is repeated again. The procedure is repeated till the DSR criterion is met. When the DSR criterion is met, net benefits for the tank strategy are estimated. In this way the net benefits for all tank strategies are calculated. The tank strategy with capacities of the tanks that produces maximum net benefits is chosen as the optimum tank system for the watershed. The conceptual flowchart of the methodology is shown in Fig 2. 
Tank water balance
There is daily (or intermittent) inflow to and outflow from the tank. It is therefore necessary to simulate these inflow and outflow processes on a daily basis to determine the storage capacity of the tank by a water balance approach. Simulation of the tank water balance should include all inflows to and outflows from the tank.
The inflows are the direct rainfall over the tank surface; surface runoff from the fields in the catchment of the tank and overflows from the upstream tanks, if any.
The outflows are evaporation, seepage, excess overflows and irrigation given to crops from the tank. Continuity equation (Eq. 1) was developed to simulate the water balance over tank system in the watershed. Evaporation. Water is lost continuously due to evaporation from the water surface area in the tank. The depth of evaporation is estimated by the Penman method (1948) . Evaporation volume is the product of the evaporation depth and the water surface area of the tank on that day. The tank water surface area depends on inflow into and outflow from the tank and is calculated daily to estimate the evaporation loss using the stage-area and storage volume relationships of the tank.
Seepage: Water is lost due to seepage from the bottom and the sides of the tank. The volume of water lost due to seepage is obtained by multiplying the seepage rate by the wetted area of the tank. The seepage rate is user defined. Its value can be estimated from standard textbooks or field measurements. The wetted area of the tank is updated daily from stage-area and storage volume relationships. It is assumed that there is no upward flow from the groundwater to the tanks as groundwater is more than 2 m below the tank bottom.
Irrigation: Irrigation to different crops on different fields in the command area of the tank is provided according to specified irrigation scheduling criteria. In addition, the irrigation water diverted from the tank (or groundwater storage) depends on crop, soil and climatic parameters. If on the day of irrigation, sufficient water is available in the tank, irrigation is given to all fields. If the water availability in the tank is less, priority for irrigation is given to the fields close to the tanks, so that the losses in irrigation and cost of conveyance are minimized. The water levels in the tank are updated after release of water for irrigation.
Overflow from the tanks occurs when inflow exceeds the maximum capacity of the tank. It should be noted that the outflow parameters, 'seepage' and 'irrigation' of the tank water balance are inflow parameters of groundwater balance and field water balance, respectively.
Tank dimensions:
The dimensions of the tank are optimized with Lagrange multiplier method for the selected tank geometry (rectangular or square prism, inverted truncated pyramid, cylindrical or hemispherical). This method consists of the function of variables, which is to be minimized (Eq 2 ) subject to the set of constraints (Eq. 3).
( )
Subject to
The Lagrange function, L, is defined by introducing one Lagrange multiplier λ j for each constraint g j (X) as (Eq 4) 
By treating L as a function of the n+m unknowns, x 1 ,x 2 ,………,x n , λ 1 ,λ 2 ,…..,λ m , the necessary conditions for the extreme of L, which also corresponds to the solution of the original problem stated in equations (2) and (3) are given by equations (5) and (6).
Equations (5) and (6) and λ j . In the present study, the function to be minimized is seepage and evaporation area of the tank such that the required quantity of water is stored in the tank. The details of the optimization of tank dimensions with Lagrange multiplier method for the four tank geometries -rectangular prism, inverted truncated pyramid, cylindrical and hemispherical are presented by Shinde (2006) .
After applying the tank water balance for one year i.e. up to 30 May, if the computed system overflow (this is the overflow from the last tank that goes out of the watershed) is not within the desired range of targeted overflows (DSR), the tank sizes are increased (or decreased) and simulation is carried out for the revised tank capacity. The procedure is repeated till the overflow criterion (DSR) is satisfied.
It is assumed that the base flow from tank catchments has no impact on tank water balance since all tanks have shallow depths.
Field water balance
The field water balance is based on the principle of mass conservation applied to the soil water reservoir. By this principle the difference between the amounts of water going into and withdrawn from the soil water reservoir during a certain period is equal to the change in water storage of the reservoir during the same period. The component processes of the soil water balance are rainfall, runoff, infiltration, redistribution, drainage, evaporation, transpiration and upward flow of water from the water table by capillary rise. The contribution to soil water storage from capillary rise is considered as negligible. For the purpose of water balance the soil reservoir is divided into 3 zones (or layers): root zone, soil zone and vadose zone (Fig. 3) . The soil in the vadose zone is assumed to be at field capacity. Moisture extraction by plant roots, evaporation and percolation occurs from the root zone whereas only percolation occurs from the soil zone. The depths of the root zone and soil zone of a soil reservoir vary with crop growth and are influenced by the effective root depth that varies with time and from which the crop extracts water. The water balance in the root zone is performed on a daily basis by equation (7).
Where, The water content in the soil zone changes depending on the depth of water percolating from the root zone and is given by equations (12) and (13) S i
Where, θ calculated by equations (12) and (13) is more than the water content at field capacity in the soil zone, there will be deep percolation out of the soil zone. Deep percolation out of the soil zone, i DP is given by equation (14).
The water percolating down from the soil zone contributes to the groundwater storage since the vadose zone is considered to be at field capacity. As the inflow parameter 'irrigation' and outflow parameter 'actual evapotranspiration' of field water balance are influenced by the type of the field, the field balance is carried out separately for agricultural, horticultural and agroforestry fields.
The inflow and outflow parameters of the field water balance are also influenced by the micro level activities such as trenching and terracing. Runoff from a trenched field is less and infiltration is more due to the storage capacity of the trench. While performing the water balance of agricultural, horticultural and agroforestry fields, the influence of these micro level activities is considered. The presence of trenches and bunds on the fields changes their hydrology. A trench water balance is applied in conjunction with the field water balance for the trenched fields (Shinde et al. 2005) . Infiltration from the trenches is computed with the Green-Ampt equation.
The outflow parameter 'deep percolation' and inflow parameter 'irrigation' of the field water balance are the inflow parameter of groundwater balance and the outflow parameter of the tank water balance, respectively.
While performing the field water balance, it is assumed that the total depth of effective rainfall from different storms and any irrigation applied are lumped on a daily basis as input to the soil reservoir at the beginning of the day, and that the entire water infiltrates into the soil reservoir. It is also assumed that the soil reservoir responds to water application by reaching equilibrium instantaneously. The infiltrated water is redistributed uniformly over the effective crop root zone and the water remaining in excess of the corresponding soil storage capacity, percolates out of the root zone.
Groundwater balance
The geology of the Maharashtra state in India consists of a weathered zone of shallow unconfined strata underlain by hard rock made of basalt. Hence the aquifers are shallow and unconfined. Groundwater from these aquifers is used for irrigating the crops in the watershed. A simple bucket type modeling approach is adopted in this study to represent the groundwater balance, which is coupled with the field and tank water balance. Deep percolation from the soil zone (including infiltration as a result of micro level activities) from the field water balance and seepage from the tank water balance are the daily inflow parameters of the groundwater balance. The outflow parameter 'irrigation' is the inflow parameter of the field water balance. The groundwater balance is performed by the equation (15). 
Project economics
The net benefits derived from a particular tank strategy are estimated in terms of total costs and total benefits from the strategy. Total costs consist of the fixed cost, maintenance cost, and crop cultivation cost. Fixed costs comprises the costs of tanks, wells, pumps, pipeline, trenches, horticultural plantations, irrigation system etc. All fixed costs are converted to their annualized values by using equation (16).
The discount rate in the equation (16) is modified for inflation rate as below.
( ) ( )
Where A = annual value i = discount rate (fraction) PV = present value n = life of the project (year) im = market interest rate (fraction) if = inflation rate (fraction) The cost of cultivation of crops consists of cost of land preparation, sowing, weeding, pesticide application, harvesting and threshing. Irrigation costs (cost of water and its application) are added separately according to the water used by different crops for a particular tank strategy. The net benefits for a tank strategy are estimated by summing up the benefits derived from all the crops. This includes the value of the main product (e.g. grain) and any by-product (e.g. straw). The annual cost is subtracted from the annual benefits to obtain the net benefits.
THE MODEL
The methodology developed and described in this study has been converted into a simulation model and coded in 'C' language and the resulting model is named as 
Output
The output of the model is an optimized tank strategy comprising the number of tanks, the location, type and size of each tank and the irrigation schedule for each crop cultivated on each field.
The model can be used in four different modes i.e. calibration, evaluation, simulation and optimization as described below.
Calibration mode
Existing data on the watershed and tanks are used for calibrating the model for the 
Evaluation mode
SOFTANK in evaluation mode is used to evaluate an existing tank strategy for its performance assessment. In evaluation mode the existing dimensions of the tank system, irrigation and crop growing practices are considered. By running the model in this mode, changes in the tank system management or irrigation strategy can be suggested to improve the performance of the existing tank system in the watershed.
Simulation mode
SOFTANK model is used in simulation mode to simulate a particular tank strategy for the watershed. In this mode, tank dimensions are optimized for the specified DSR criterion. Different management options can be simulated and compared in the simulation mode.
Optimization mode
In optimization mode, the SOFTANK in simulation mode is run for several possible tank strategies. The tank strategy giving maximum net benefits with output DSR within the range of input DSR is selected as the 'optimum tank strategy' for the watershed.
CONCLUSION
A review of existing methodologies for tank design indicated the need for further development of an approach suitable for design of watershed based tank systems in semiarid and subhumid tropics. The approach followed in this paper provides a suitable methodology for optimally designing the watershed based tank systems. This is achieved by generating tank strategies based on the number of stream points in the watershed, simulating field, tank and groundwater balances for these strategies and selecting the optimum strategy based on net benefits. The three storage elements i.e. soil, tank and aquifer are integrated while deciding the optimum tank strategy.
Appropriate consideration is given to the release of water for downstream users and ecological reasons. The mitigation effect of in situ rainwater harvesting practices on the inflow to the tanks is included while deriving the optimum tank strategy. The approach considers the optimum harvesting of water by considering the in situ structures in the watershed such as trenches and ex situ structures(i.e. tanks) . The methodology has been converted into computer model SOFTANK and the model can be run in four modes-calibration, evaluation, simulation and optimization. The SOFTANK model can be used for evaluating an existing tank system, suggesting appropriate management changes in operating the existing tank systems and for deriving the optimum tank system for a watershed. 
